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INTRODUCTION
An important part of the study of the combustion process in Diesel engines is based on spray flow mechanisms because of the importance that they have on engine performance and pollutant emissions [1] [2] [3] [4] [5] . Incylinder diesel spray development starts with liquid fuel being injected in an ambient with a certain pressure and temperature. Once injected into the cylinder, the spray changes not only geometrically but also temporally approaching the walls, while it interacts with the surrounding air leading to vaporizing process of the fuel and eventually combustion. Focusing on mixing process, fuel atomization has an important influence on spray local composition, which has an effect on spray penetration and structure [6] . For example, low density conditions could cause liquid impingement on the walls, which may result in unburned hydrocarbons (UHC) and carbon monoxide (CO) emissions; the opposite might cause high combustion rates and hence high in-cylinder local temperature and NOx formation. A compromise between both situations and correct after-treatment techniques are determining factors for current engine performance.
Researchers have performed a lot of studies in order to understand how the mixing process occurs. In such studies the main macroscopic parameters of a spray have been identified as liquid length, vapor penetration, and cone angle [6] [7] [8] [9] [10] [11] . Experimental facilities such as optically accessible engines [12] and test rig cells [13] [14] [15] [16] have been used for fundamental research of these parameters. Mie-scattering imaging and shadowgraphy are among the most common techniques used to temporally characterize liquid length and vapor penetration, respectively [16] . Throughout the years, basic studies have been made in order to investigate the effects on spray liquid length and vapor phase location induced by engine parameters such as orifice diameter [17] , ambient gas conditions [18] , injection pressure [19] and fuel characteristics [20] [21] .
Another important aspect of Diesel combustion is the fuel injection system. Over the past decade several fuel injection systems have been used [1] [21] [22] [23] . All these systems were operated with electro-hydraulic actuation and the injector was activated using either a solenoid or a piezo stack; however, the opening of the injector itself was produced because of a pressure difference at the two sides of the needle.
The last development of piezo-actuated injectors is the so called direct acting system, where a piezo actuator (stack) is mechanically coupled with the injector needle, controlling directly its position: this technologic APPLIED ENERGY; Volume: 106; Pages: 152-162, DOI: 10.1016/j.apenergy.2013.01.027; JUN 2013 achievement allows a fast and precise control of the fuel flow through the injector nozzle. Although many researchers have been oriented to the study of the injection event using conventional servo-hydraulic injectors, only a few are discussing the effect of the partial needle lift on injection process [25] .
The study carried out by Payri et al. in [25] showed the big potential of the direct acting injector in the control of the fuel mass flow rate: in this work they showed how, controlling the needle lift, it is possible to reduce the mass flow rate, obtaining a relationship between needle lift and sac pressure. Adjusting the voltage applied to the piezo-stack, the fuel mass flow rate can be controlled by the electronic control unit (ECU) and injection rate shaping (modulating the mass flow during the injection) is enabled. Both these facts represent a step forward in the capabilities of the injection system and thus in the control of combustion and pollutant emission of a current direct-injection diesel engine. However, the effect of partial needle lift on the spray development and combustion is still not clearly understood: for this reason a full characterization of the injector is required to make the most of it when employed in a real engine.
The first step of this path is an experimental study to capture the liquid phase of the sprays injected by the direct acting injector in evaporative non-reacting conditions. The effect of the partial needle lift has been observed under a wide range of diesel like conditions using a high temperature and high pressure test rig [4] . The facility is capable of reaching 15 MPa ambient pressure and 1000 K ambient temperature; the large optical accesses and the wide test section allow studying the spray with high accuracy in a homogeneous temperature and nearly quiescent environment. In this work, different parameters have been varied: ambient temperature, ambient pressure, injection pressure and needle lift (piezo stack charge).
MATERIAL AND METHODS
In this section, the fuel injection system, the high pressure-high temperature test rig and the optical arrangement employed for the tests are described.
The fuel injection system
The fuel feeding to the injector is provided by a common-rail system constituted by a high pressure pump and a conventional rail with a pressure regulator. The system allows fuel injections at high and relatively constant pressure (up to 200 MPa) [22] [23] [26] . All the injection system is electronically controlled by the ECU and all the settings are introduced digitally. APPLIED ENERGY; Volume: 106; Pages: 152-162, DOI: 10.1016/j.apenergy.2013.01.027; JUN 2013
The prototype piezoelectric direct-acting injector is fitted with a 7-hole nozzle with outlet diameter D 0 = 156 µm and k-factor = 1.5 [3] . All the nominal features of the injector are listed in Table 1 .
As mentioned before, the piezo actuator is directly coupled with the injector needle and thus, the needle position can be controlled by applying a different voltage to the piezo stack (or piezo stack charge): the needle lift is higher when the voltage applied increases. Being not possible to measure the real needle lift, the hydraulic characterization described in [25] was performed to study the relationship between mass flow rate and piezo stack charge. Although an important reduction in mass flow rate is achieved by means of needle throttling (reducing the piezo-stack charge applied), a quantitative relationship between mass flow rate and piezo stack charge was not found: other parameters were found to affect piezo-stack behavior such as injection pressure and piezo stack temperature. The mass flow rate and the parameters obtained from hydraulic characterization (discharge coefficient C d , area coefficient C a , and velocity coefficient C v ) [24] [25] related to the conditions tested in this work are available from [25] .
In order to control the injector temperature a special injector holder was designed to have coolant flowing at constant temperature (about 343 K) in direct contact with the injector body. In this study commercial Diesel fuel (EU standard EN590) was used with a density of 812 kg/m 3 and kinematic viscosity of 1.9 10 -6 mm 2 /s (at 343K).
The High pressure and high temperature test rig
A novel high temperature and high pressure test chamber capable of mimicking the in-cylinder thermo-dynamic conditions of a Diesel engine at the time of injection has been used. Following the convention presented by Baert in [14] the test rig is classified as constant-pressure flow facility: the high pressure high temperature gas, entering the chamber from a 30 kW electric heating system, continuously flows through the test chamber.
Compared to other facilities [14] [27] [28] this test rig has the unique feature of obtaining nearly quiescent and steady thermodynamic conditions within the chamber, providing thus an important reduction in the time required for the tests [11] [15] .
Three large windows (128 mm in diameter) placed orthogonally give full optical access to the test section. An external view of the combustion chamber is reported in Figure 1 . The big size of the test chamber (200 mm diameter) and the conical shape of the wall behind the injector nozzle, minimize spray-wall interaction and allow to study spray development in free field-like conditions. The facility is basically composed of four parts: gas compressors, gas heaters, test vessel and control system. A global sketch of its layout is shown in Figure 2 . The gas, stored by volumetric compressors in high pressure reservoirs, flows continuously through the test chamber. Electrical heaters, placed upstream of the chamber, increase the temperature of the gas flowing through the test section at the desired temperature. The control system is a closed loop PID that adjusts both, the pressure in the chamber and the power of the heaters to obtain the test conditions required for the experiment. To improve the temperature homogeneity within the test chamber, the vessel has a double wall configuration: while the external walls have the structural function of supporting the pressure of the inner gas, the thinner internal walls are covered with an insulating layer, and have the function of reducing the heat loss toward the outer shell. Moreover, the internal walls are heated by a secondary electrical resistance that surrounds the test chamber: the aim of this heater is to reduce temperature gradients within the testing section. Since the focus of this work is to study spray evaporation, fuel combustion is avoided by recirculating Nitrogen in a closed loop ( Figure 2 ).
Optical set-up
The Mie scattering imaging technique is widely used in spray research for the liquid phase imaging. The technique consists in illuminating the fuel droplets with a light source and imaging the light scattered with a camera. In the literature, several examples of use and calibration of this technique can be found [29] . The complete theoretical description of the scattering phenomenon is described in [29] .
In this work, the sprays have been illuminated by the front window with two continuous Xe-arc lamps and the light scattered backward was collected by a high speed CMOS camera (Phantom v12) aligned with the injector axis. The image size was 512 x 512 pixel for a field of view of 70 x 70 mm, resulting in a spatial resolution of 7.2 pixel/mm. The maximum acquisition rate allowed by the camera at this resolution was 20kfps; a Nikon -Nikkor 50 mm lens with f/1.8 was used in order to optimize the light collection. The high sensitivity of the camera-lens system and the intensity of the light sources employed gave the possibility to reduce the exposure time to 2µs, "freezing" the images and obtaining sharper spray boundaries: this feature improves the accuracy of the study and gives a better understanding of spray temporal fluctuations.
Finally, the camera has been positioned in order to have the nozzle at the center of the image, and to have full view of the liquid phase in the whole range of conditions tested. In Figure 1b a sketch of the optical setup together with three sample pictures is represented.
Image processing
The image processing is one of the most important steps of the data analysis. Many methods can be found in the literature [11] [25] [30] . The steps followed in the present work are described below:
 Background subtraction: the image acquired right before the start of injection is arithmetically subtracted to spray images in order to remove reflections and background artifacts. APPLIED ENERGY; Volume: 106; Pages: 152-162, DOI: 10.1016/j.apenergy.2013.01.027; JUN 2013  Image division: in order to analyze each spray individually, the image has been divided in 7 sectors as shown in Figure 3 .
 Contour detection: the contour of each spray is obtained using the method described by Siebers in [31] .
The threshold is calculated as the 3% of the dynamic range of the sector [31] . Based on this method the images are binarized and the spray contour is obtained.
 Contour analysis: the characteristics of the spray shape are obtained by analyzing its contour. In this work the results are related to two macroscopic characteristics of the spray:
-Maximum liquid penetration (LL): the spray liquid penetration is calculated as the leading edge of the spray boundary.
-Spreading angle ( ): a qualitative description of the spreading angle of the spray is obtained calculating the angle included between the two lines that fit a fixed portion of the spray contour (dashed lines in Figure 4 ). Even if in other works the part of the contour fitted is scaled with the penetration, for these tests it is preferred to fix it, analyzing only the first 9 mm from the orifice outlet, where fuel evaporation is considered negligible; in this way the steady liquid length will not have any impact on the spreading angle calculation, providing thus a more robust comparison.
Since some dependence of the results on illumination layout and light intensity should be expected [27] , the whole tests were performed without changing any detail of the optical setup, and therefore a good consistency of the results obtained in the different test conditions was assured.
Data averaging
After the transient phenomena at the beginning of the injection, when the spray penetrates in the chamber, the liquid phase penetration stabilizes around a certain distance from the orifice; however, its variations around the average value are significant and are about 25 % of the average value ( Figure 5 ).Therefore, in order to simplify the comparison between different test conditions, an improved rolling average method was used to filter the data.
In each single experiment, a data point y i is obtained at each instant x i , time elapsed after the start of the injection. The average value y m at the instant t m is obtained following the procedure below:
 The data falling in the interval t m ± Δt /2 are considered. An optimal time window Δt = 150 µs has been chosen for the current test.
 A linear regression to the data is performed using the equation below
 The value of y m is obtained substituting t m in equation 1.
This algorithm is repeated moving t m along the time line with 10 µs time step; then the averaged curve is obtained (solid line on Figure 5 ).
Moreover, in order to have a characteristic value of liquid length and spreading angle for each test condition, the average value LL m and θ m are calculated averaging the data falling between the time interval 2000 -2700 µs after start of injection (ASOI). The interval is chosen in order to avoid the transients at the beginning and at the end of injection: in this way the characteristic value obtained is more representative of an ideal steady spray.
In Figure 5 , the dots represent the raw experimental data (different colors refer to different sprays) and the black solid line is the average curve. Moreover, in the plot the parameter LL m and the related averaging interval is presented.
Test matrix
In order to have a global picture of the injector behavior, a wide range of test conditions has been explored. The test matrix has been designed to investigate the general behavior of the injector, but also to understand the effect of partial needle lift on the liquid length during the steady part of the injection as well in the first transient when the spray starts penetrating in the chamber. The test plan (Table2) has been performed varying the ambient temperature, gas pressure, injection pressure and needle lift. The test matrix aims to reach two objectives: to target thermodynamic conditions relevant to the current Diesel engines and to obtain a well-defined picture of the parameters that affect the phenomenon studied. For this second reason, boundary conditions vary between significantly different values.
As explained before, the needle lift is controlled adjusting the piezo stack voltage (charge) [25] : no clear relationship was found between the needle lift and the charge applied, for this reason the three needle lift tested are qualitatively referred as low, med and high charge. High charge corresponds to the full needle lift case when injector needle effect on fuel flow is considered to be very small, while at med and low charge the needle lift is progressively reduced, and therefore the related mass flow rate.
RESULTS
Several works found in the literature show that the parameters affecting liquid length are normally ambient density, ambient temperature, fuel temperature and just in a minor degree, injection pressure [15] [23] [25] . In the next sections the effect on LL related to these test conditions is presented together with the effect of partial needle lift.
In Figure 6 and Figure 7 , the 7-spray average liquid phase penetration is plotted. In the plots the characteristic shape of liquid phase penetration in evaporative conditions can be observed: in a first period the sprays penetrated in the test chamber until a certain distance is reached. At that distance, the enthalpy of the entrained gas is enough to evaporate all the fuel, and liquid phase maximum penetration oscillates around an average value.
In Figure 6 the liquid phase penetration at two ambient temperatures is shown for the high charge case
(maximum needle lift) at 150 MPa. In the lower part of the figure is also plotted the mass flow rate measured with the Bosch method [25] [32] for a better understanding of the data. As expected both curves overlap in the first transient part, since ambient density is very similar in the two cases but it stabilizes at different values as a consequence of the higher temperature of the ambient gas.
The comparison drawn in Figure 7 shows liquid phase penetration at two different injection pressures, and presents an opposite scenario: during the transient part, higher injection pressure contributes to a faster penetration, as a consequence of a higher velocity at the orifice outlet. On the other hand the effect on the steady LL is negligible.
When ambient pressure is varied keeping constant the temperature the effect of gas density on the spray can be observed: as shown in Figure 8 , liquid phase penetrations is reduced in both, the transient and the steady period.
The spray penetration is lower at higher ambient density; two factors are contributing to this result:
 The spreading angle has been experimentally observed to increase at higher ambient densities, increasing the volume of hot gas entrained in the spray.
 The higher density of the volume of gas entrained requires more kinetic energy to complete the momentum transfer, and thus the spray penetrates lower.
Both factors above cause the reduction of penetration speed and of the liquid length observed when ambient density is increased.
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All the effects described above are already known and they are described in the literature. However, these comparisons are important because they give a quantitative guidance for a future use of the injector in a real engine and at the same time they confirm the reliability of the experimental methodology employed.
In the plots presented from Figure 6 to Figure 8 , liquid length always shows a slight positive slope, at the steady period mentioned before. As discussed by other authors [4] [33] , there are two factors that likely contribute to this effect: the temperature of the fuel at the beginning of the injection is higher because the injector sac is continuously in direct contact with the high temperature gas of the test chamber; during the injection the fuel flowing from upstream of the sac cools down the injector tip. In this way the temperature of the fuel at the orifice outlet is decreasing during the injection and this fact is reflected on liquid length [4] . The second possible cause is that, for long injections, low temperature fuel-air mix is re-entrained in the spray causing thus, a decrease in the effective ambient temperature and an increment in liquid length. Considering the large size of the chamber and that the slope seems to decrees at the end of the injection, authors consider the first possibility the most likely cause for the phenomenon observed.
For a global comparison of the data, the parameter LL m has been plotted versus ambient temperature and ambient density respectively in Figure 9 and Figure 10 . Figure 9 shows that the effect of injection pressure is negligible at full needle lift; moreover, an increase in T amb at full needle lift has the same effect in reducing LL m at both injection pressures. On the other hand when the charge applied to the piezo-stack is reduced two main effects are evident:
 Injection pressure is affecting LLm, and moreover ambient temperature effect is quantitatively different at different P rail . This can be explained by the impact that the variation of these boundary conditions have on injector behavior (rather than on spray development): injection pressure is causing the compression of the needle, and this compression is changing depending on P rail and having an effect on the fuel flow; moreover, even if a special device for injector temperature control is used, ambient temperature is somehow affecting the temperature of the injector, and thus of the piezo-stack. For this reason the needle lift is not exactly the same when test conditions are changed. 
DISCUSSION
The 7-spray average liquid phase penetration is plotted in Figure 11a and Figure 11b for two different ambient temperatures. In both cases the effect of needle lift is appreciated during the spray penetration and during the "steady" part of the injection when liquid length stabilizes: at lower needle lift spray penetrate slower and LLm is shorter. This fact confirms, as discussed before, that some change in the internal flow is affecting spray development downstream of the orifice.
In order to compensate the lack of quantitative information about the needle lift, a non-dimensional parameter has been introduced and it is defined in equation (2) [25]:
Where m  is the average mass flow rate for a specific charge level and . . . This relationship is consistent even when injection pressure is changed, creating a link between the results observed in Figure 9 . Parameter λ seems to control the value of steady LL m . On the other hand, the spreading angle θ m shows a coherent increase when needle lift is reduced (Figure 12b ) providing further information about the modifications in spray development.
In order to understand the phenomenon, the spray model developed by Pastor et al [34] has been employed. The model is based on the mixing driven evaporation assumption and for a given ambient condition the liquid length is determined by equation (3): Where K p is a constant depending on ambient conditions, C a is the area coefficient, D 0 is the orifice diameter, C mv is a coefficient depending on the fuel and ambient properties, θ the spreading angle, ρ f and ρ amb are respectively fuel and air density.
The equation above gives the important advantage of relating directly liquid length on spreading angle θ and area coefficient C a that are the only parameters affected by the partial needle lift. Moreover, both parameters have been directly measured: the angle θ in the current work, while C a was obtained from the hydraulic characterization carried out in [25] .
To understand if the relationship between charge level and LL can be explained by the variation of these two parameters, a theoretical liquid length (LL th ) has been calculated using the equation (4) 
Where the sub index f.n.l. refers to the full needle lift case (high charge). In Figure 13 Despite the calculations performed shows that the reduction in liquid length due to partial needle lift relates to variations in spreading angle and area coefficient with relative good accuracy, more analysis is needed to understand the complete picture of the problem.
In Figure 14 the penetration obtained for each spray is plotted on the same graph for two different needle lift.
The plot shows that when needle lift is reduced the hole to hole dispersion increases in two ways: spray penetration rate during the first transient period of the injection; and liquid lengths during the stabilized period.
This information is summarized in the polar plots in Figure 15 : in the case of high charge (full needle lift), no significant difference is observed in the behavior of the different sprays in term of stabilized LL (less than 10% dispersion of the seven sprays on the average LL). This hole-to-hole spread measured is considered to fall in the range of the uncertainty due to small inhomogeneity of the illumination field: Mie scattering technique, as most of the other methodology to detect LL, is very sensitive to the illumination employed [27] . On the other hand, when piezo-stack charge is decreased, the spray symmetry is broken, and some of the sprays shorten more than others.
It is important to underline that the results presented are calculated over six repetitions: this means that the holeto-hole dispersion observed is not due to a statistical behavior of the flow, but it is repetitive. This result might support the thesis that some consistent asymmetry characterize the flow in the nozzle sac when needle lift is reduced, causing an uneven distribution of the fuel through the orifices and differences in the sprays. Again, the fuel pressure in the nozzle sac is not the only driving parameter for the spray development.
A further analysis has been carried out reducing the visualization window of the camera to only one spray in order to obtain a higher frame rate (68 kfps) and try to track more features of the spray. The higher time resolution of the test allowed to observe the temporal fluctuation of the liquid length. A further feature has been extracted from images measuring the spray width at 9 mm from the orifice outlet: this measurement has been preferred to spreading angle because it provides a better response to the temporal fluctuations in the spray: in fact, the spreading angle measurement is evaluating the first 9 mm of the spray contour, and for this reason it is smoothing spray's fluctuations.
In Figure 16a liquid penetration and spray width results are plotted. In order to understand the temporal fluctuation of the measurements, the data presented are related to only one injection event. The plot on one side confirms the effect of the charge previously observed: when charge is decreased, liquid length is shorter and wider (spray width is easy to relate with spreading angle); on the other side, it shows that when needle lift is throttling, the spray behavior is less steady, showing higher fluctuations around an average value especially over spray width. Figure 16b gives a further confirmation of the unsteadiness of the flow: two images acquired at measurement, the distribution of the scattered light intensity suggests that at lower charge the axial distribution of the fuel in the spray is less homogeneous: this can be considered a further insight of unsteadiness in the fuel flow.
Putting together all the insight found, the effects observed can be related to two facts:
 The interaction between the fuel flow and the injector needle are causing the needle itself to vibrate.
These vibrations that have been already related to fluctuation in fuel flow [35] [36] , might be at the origin of the modifications in the spray structure observed. reducing the problems related to the premixed combustion; moreover, the wall impingement, before the ignition, would be reduced as a consequence of a shorter liquid length.
CONCLUSIONS
The liquid phase penetration of a prototype multi orifice direct acting injector has been characterized for the first time in a wide range of test conditions in a novel high temperature high pressure test rig.
The experimental results presented are consistent with the LL dependency with T amb and P rail found in the literature. Furthermore, an interesting relationship was found between steady liquid length (LL m ) and charge level (needle lift).
It is not correct to consider partial needle lift effect only as a pressure drop upstream of the nozzle sac, because it is not coherent with the results obtained: in that case, the expected effect on the spray should be the same as a reduction in injection pressure, causing a slower spray penetration and a negligible difference in liquid length.
What observed experimentally in this work confutes this hypothesis. It has been experimentally observed that a reduction in needle lift causes:
 A significant reduction in liquid length  An increment in the spreading angle  A slight reduction of area coefficient  An increase in the hole-to-hole dispersion, in terms of penetration of liquid length  Higher oscillations in spray width and liquid length. This fact suggests the presence of significant fluctuations in the fuel mass flow rate through the orifices as a result of partial needle lift. Considering that when needle lift is reduced, no effect is expected on chamber conditions, a significant modification in the internal flow is considered to take place in the nozzle sac, and to affect the spray development. More precisely, in the authors' opinion, the partial needle lift is causing two phenomena that contribute in modifying the mixing process and reducing liquid length:
 The onset of cavitation in the needle seat: the section restriction caused by partial needle lift can cause cavitation in the same way as it happens for low k-factor nozzle orifice. In this case the vapor formed would contribute in a reduction on the C a as well as an increase in the spreading angle as described in [37]  Fluctuations in the fuel mass flow rate as a consequence of needle vibration. Also in this case the unsteadiness in the flow could affect the spray development and enhance air entrainment and thus the evaporation of the fuel. The relationship between liquid length, spreading angle and area coefficient has been verified using a 0-D model for spray description and the analysis revealed a good agreement between the theoretical relationship and the experimental data.
The effect of needle lift on liquid length is potentially a powerful tool for engine designers to avoid wall impingement. 
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